Abstract: This study is concerned with air oxidation of TiAlCr-Y coated 
Introduction
Recently, the high temperature oxidation behaviour of γ-TiAl based materials has been extensively investigated [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . γ -TiAl alloys possess many attractive mechanical properties such as high temperature strength and reasonable a K1C. However, their low ductility and toughness is an on-going problem. Moreover, γ -TiAl alloys exposed to high temperatures (above 700
• C) show poor oxidation resistance. The exposed γ -TiAl alloy starts to develop the non-protective TiO 2 oxide scale with small amounts of the protective Al 2 O 3 scale. The developed scale has a porous structure, where oxygen is likely to diffuse to deeper regions of the exposed material [1, 2] . In order to protect γ -TiAl against the formation of the none protective scale, the substrate needs to be covered by a coating with a high reservoir of Al and Cr, able to maintain the constant growth of the protective scale such as Al2O3 or Cr 2 O 3 . On the other hand, according to thermodynamics, both oxides (TiO 2 and Al 2 O 3 ) form simultaneously at high temperatures, thus it is very difficult to develop only a protective α -Al 2 O 3 scale [2, 3] . Additionally, it is well known from the Ellingham diagram that Cr2O3 phase forms slightly later than Al 2 O 3 and TiO 2 , thus is less stable, particularly at temperatures higher than 700
• C due to the formation of volatile CrO3 phase in air-dry environment [4, 5] . -TiAl alloys need to be protected at temperatures higher than 700
• C by the formation of stable γ -Al2O3 phase. In order to maintain the good mechanical properties mentioned and improve oxidation resistance, it is necessary to develop the coating with a high reservoir of Al. Recently, TiAlCr coating was successfully tested as a coating for the protection of γ -TiAl alloys [6] [7] [8] , produced by low-pressure plasma spray and magnetron sputtering methods [9, 10] .The deposited TiAlCr coating on γ -TiAl alloy successfully protected the material against high temperature oxidation; however some non-protective TiO 2 phase formed [11] . To increase the reliability of the existing TiAlCr coating, a small amount of rare element was introduced to TiAlCr coating. It is well known that incorporation of rare elements, such as yttrium (Y), improve the oxidation resistance through the enhancing of Al 2 O 3 formation and suppression of the nonprotective TiO 2 scale [12, 13] . Thus the aim of this paper is to investigate TiAlCr coating with Y addition of 0.4 at% in oxidation environment in temperature range 750
•

C -950
• C for 500 hour tests in static atmospheric air.
Experimental procedure
Coating deposition
The intermetallic Ti-Al-Cr-Y coatings were deposited on disc-shaped specimens of the γ -TiAl based alloy Ti-45Al-8Nb, by means of magnetron sputtering in a laboratory coater with dual source equipment. Compound targets consisting of pure metal discs with cylindrical inserts of aluminium and plugs of yttrium were used. The surfaces of the specimens (15 mm diameter and 1.5 mm thickness) were ground to a 2500-grit surface finish. Prior to coating deposition, the substrates were argon plasma etched. The chemical composition of the 10 µm thick intermetallic layer was Ti-52Al-15Cr-0.4Y [at %]. The surface morphologies were pictured using environment scanning electron microscope (ESEM), whereas chemical composition of the deposited coating was analysed by electron x-ray dispersive spectroscopy (EDS). During deposition, no external heating was applied, which resulted in a substrate temperature of less than 200
• C on deposition. The samples were rotated during deposition to ensure complete coating and a negative bias voltage of -40 (V) in study was used [14] . The produced coating mainly consisted of γ -TiAl and Laves phase (Ti(Al,Cr) 2 ).
Oxidation Procedure
Before the test , the samples of γ -TiAl substrate covered by TiAlCr-Y coating with dimensions 15 x 1.5 mm were washed with acetone in an ultrasonic bath for 15 minutes in order to remove grease and other impurities from the surface. In this study, three tests were conducted at • C -950
• C for 500 hours
750
• C, 850
• C and 950
• C for 500 hours respectively. The sample weights were recorded prior each experiment and again after 25, 100, 200 and 500 hours of exposure. The measurements were carried out using a SATORIUS CP225D digital balance with a resolution of 0.01 mg for masses <80 g. The balance was calibrated frequently using its internal calibration function, and periodically with standard weights. Oxidation tests were carried out discontinuously. The heat resistance furnace (CARBOLITE) was equipped with a long (200 cm) alumina tube ( Figure  1 ), left open throughout the test. Prior to the experiment, the furnace was calibrated in order to locate the hot zone. The sample was loaded and placed in the middle of the hot zone. In this study only one sample at one temperature was exposed each time. The TiAlCr-Y coated γ -TiAl sample was suspended by platinum wire on a thin ceramic rod in order to avoid reaction with the SiO2 boat. The furnace was heated, with a rate of 6 • C). The exposed samples were investigated using environmental scanning electron microscopy (ESEM) Quanta 200 with an energy dispersive x-ray spectrometry system (EDS).
Diffusion coefficient calculations by Inverse Method (IM)
In order to calculate intrinsic diffusion coefficients, very often it is required to use the well-known Arrhenius relationship:
where:
D -diffusion coefficient; Do -pre-exponential factor; This calculation can be performed using the following equations:
The above equations are the solution of the Fick's 2 law for constant surface concentration. According to the slope and intercept of the linear relationship between ( ) − 8 0 − 8 versus x, the diffusion coefficients of Al, Cr and Ti were calculated. 5) The least squares method has been used to compare with the experimental and numerical concentration value for each component: 
Y -Experimental calculations;
-Modelling calculations; N -Represents the number of points in the concentration profiles. Figure 2 shows the kinetic data of the exposed samples after oxidation at 750 
Results
C and 950
• C respectively, whereas concentration profiles of the exposed materials are presented in Figures 3A, B , and C correspondingly. Good adherence between the formed oxide scale and the coating (TiAlCr-Y) was observed on the sample exposed at 750
• C ( Figure 3A) . However, some areas of the oxidised material showed some crack formation. In general the formed oxide scale, showed satisfactory resistance at 750
• C where lack of spallation and • C, B) 850
• C and C) 950
• C respectively High temperature air oxidation resistance of TiAlCr-Y coated Ti45Al8Nb between 750
voids was observed. After 500 hours at higher temperature (850 • C) the exposed material demonstrated a higher degree of degradation: the formation of a brittle scale containing voids was observed, and additionally the formed oxide scale showed poor adhesion ( Figure 3B ). Figure 3C shows the cross -section SEM image of the material exposed for oxidation at 950
• C for 500 hours. It is clearly seen that the exposed material underwent a higher degree of degradation than that observed at 750
• C and 850
• C. This is due to the porous scale development, with no sign of protection. It was observed from the SEM images shown in Figures 3A, 3B and 3C that the exposed material developed voids in the formed oxide scale at 850 Figure 4A shows the scale structure which formed during oxidation at 750
• C for 500 hours. The straight lines in the EDS concentration profiles indicate the different regions formed after exposure. The numbers in EDS profiles correlate with the SEM image shown in Figure 3A . The EDS profiles ( Figure 4B ) from the specimen exposed at 850 oC do not confirm the formation of Cr-oxide, Cr depleted from the outer part of the oxide scale due to the volatilisation of CrO3 phase [18] . It is suggested that the higher concentration of Ti and Al in the deposited coating, and the lower value of Gibbs free energy formation than that of Cr, caused the formation of Al and Ti oxides during the exposure instead of formatting protective Cr2O3 or Cr2O3 + Al 2 O 3 phases. EDS analysis of the deeper region of the oxide scale identified some of the Cr 2 O 3 phase (region 2, Figure 4B ), whilst the EDS concentration profiles in Figure 4B reveal thin TiAlCr-Y coating remaining in the system (region 3 Figure 4B ) after 500 hours of exposure at 850
• C. Furthermore, the presence of a large diffusion zone of Al and Ti was found by EDS profiles. Similarly to the concentration profiles at 750
• C, here the straight lines indicate also different regions formed during exposure, and are shown in the SEM image presented in Figure 3B . Figure 4C (sample exposed at 950 oC) show that the porous outer scale consisted of a mixture of Al 2 O 3 and TiO 2 phases. Underneath this porous scale, the inner layer consisted of more Al and Ti oxides. In comparison with the scale formed at 850
EDS concentration profiles in
• C, at 950
• C the inner part of the oxide scale appears much denser and a lack of pores in the oxide were observed. As mentioned in this study, the concentration of Cr depleted due to the formation of the volatile CrO 3 phase such volatilisation increases with temperature. As a result, TiAlCr-Y coating was no longer observed at 950
• C. The outward diffusion of Al and Ti from the bulk material and the presence of a high partial pressure of oxygen in atmospheric air caused the formation of Al and Ti oxides. It is worth mentioning that during exposure at 950
• C, the concentration of Ti in the deeper part of the material (region 3, Figure 4C ) scale reached 55 at%, whereas the concentration of Al was 37 at%. This increase in the concentration induces the phase changes in the alloy and affects its mechanical properties at high temperature. The exposed substrate at 750
•
C and 850
• C comprised mainly of γ -TiAl phase, whilst at 950 Figure 4C ) and γ-TiAl (region 4, Figure 4C ) were more prevalent. Figure 5 shows the EDS x-ray mapping of the oxidised TiAlCr-Y coated γ -TiAl. Good agreement with the analytical data obtained from the EDS concentration profiles was achieved. The oxide scale consisted mainly of Al and Cr. Ti phases were formed in the outer scale, whereas Nb remained in the substrate (Ti45Al-8Nb). Moreover, EDS mapping detected an increased concentration of Al in the area of Ti depletion. The EDS x-ray mapping of the material exposed at 850 Figure 6 is in good agreement with the EDS concentration profiles. The formation of the main phases (Al and Ti oxides) was confirmed; the high concentration of Cr at the scale/substrate interface was also verified. Nb remained in the substrate. were not observed.
Discussion
This paper reported the high temperature oxidation behaviour of TiAlCr-Y coated γ -TiAl alloy between 750
• C -950
• C for 500 hours. The oxidation resistance of the exposed system decreased in the order 750
The TiAlCr-Y layer used in this study revealed a two phase -TiAl + Laves (Ti(Cr,Al)
2 ) structure [19] . During the exposure at high temperature, the -phase was transformed [20] , where the latter phase contains 20 at% oxygen. Therefore, oxygen detected in the coating is not to be attributed to mixed Ti, Al, or Cr oxides but to the presence of the Z-phase [20] . The Z-phase itself has a beneficial effect, because it stabilizes a continuous alumina scale on top [20] . However in this study Al 2 O 3 did not form as a continuous layer at any temperature, but instead Al2O3 mainly formed along with the TiO 2 phase. It was also observed that at different temperatures, the main concern is related to the rapid diffusion of chromium into the substrate from the deposited TiAlCr-Y coating and formation of CrO 3 or CrO 2 (OH) 2 phases, resulting in the degradation of the coating losing its protection capacity. The loss of chromium leads to the dissolution of the Laves phase which initially transformed into the B2 phase with a lower Al concentration. The morphology of TiAlCr-Y coating exposed to an oxidation environment at 750
• C for 500 hours, indicated that the coating was stable and did not suffer much attack, only small cracks were observed. The observed absence of the scale in some parts of the sample was caused by the cutting processes employed during the specimen preparation for microscopic analyses (no spallation occurred according to the kinetic data). The morphologies following oxidation of TiAlCr-Y at 850
• C indicate the development of a porous and brittle scale, with voids and cracks. It can be suggested that these voids appeared due to the formation of volatile CrO 3 or CrO 2 (OH) 2 phases [18] CrO 3 phase is stable at lower temperature, whilst under oxidation at high temperatures it may undergo evaporation, and destabilise. The formation of CrO 2 (OH) 2 phase, as described in subsection 4.1 should be also considered in this study, due to the pres- 
Thermodynamical approach
The discussion shown in this study can be well approved by the thermodynamic calculations, The 
Where T is temperature [K], A, B and C constant values were taken Tables
The values presented in Table 1 show that at 750 • C was not performed, due to the absence of this phase at 950
The reactions above were used to calculate activities of Al, Ti and Cr using equations 9-11 [22] :
The calculated values of activities in the temperature range 750 
It is believed that oxygen in reaction 8 comes from dissociation of steam at high temperature:
Thermodynamically the formation of the oxide scale can be evaluated on the same basis as those at 750
•
C and 850
• C. The formation of TiO 2 is more favourable than Al2O3 phase as shown in Tables 2 and 3 . It was observed that incorporation of a small amount of Y into the coating did not reduce the corrosion degradation of the exposed material. During EDS analysis of the exposed materials, TiN layer was not found at any temperature, but the high concentration of N in the air should provoke the formation of TiN layer in the exposed material. The lack of TiN formation at any temperature (750
•
C -950
• C) during oxidation for 500 hours can be explained in the following way. When the coated material was exposed to oxidation at high temperature, the formation of mainly porous scale was observed. Within the porous scale, the partial pressure of oxygen was almost the same as in the ambient atmosphere (pO 2 = 0.21 atm). The high partial pressure of oxygen within the scale inhibits the formation of TiN, due to the much lower ( [kJ/mole]) value for the formation of the TiO 2 , Al 2 O 3 , and Cr 2 O 3 than that of the TiN [23] . The lack of detection of TiN layer in the formed scale can be justified by the low resolution of the EDS, as it is well known that EDS is not sensitive enough to detect lighter elements such as nitrogen. Usually Auger electron spectra or x-ray diffraction can provide clearer information, however in this study, these techniques were not used. In contrary to these results, Datta et al. [22] found a thin layer of TiN in Ti-46.7Al-1.9W-0.5Si exposed in the temperature range 750 
Conclusions
The high temperature oxidation in atmospheric air at 750 oC -950 oC for up to 500 hours of TiAlCr-Y coated Ti45Al8Nb was investigated.
1. The exposed materials at 750 oC -950 oC, showed a poor oxidation resistance, overall cracked scale and void formation caused a lack of protection 2. The tested materials developed a non-protective TiO2/Al2O3 scale at 750 oC -850 oC with a small amount of Cr2O3, whereas at 950 oC only TiO2/Al2O3 oxide developed.
3. Improvement through the incorporation of yttrium on oxidation resistance was not observed in this study 4 . The formation of TiN phase was not observed 5. The voids development within the oxide scale of the exposed samples was due to the formation of unstable chromium phases; of CrO3 and CrO2(OH)2
